The present invention minimizes noise pops due to Ray leigh fades by controlling receiver gain relative to the average received signal strength so that only a predeter mined level of limiting occurs prior to the recovery of the audio information. The amount of limiting is se lected so that a significant Rayleigh fade will cause the amplified IF signal to drop below the limiting level and enter the linear amplification region. During the fade the magnitude of the signal provided to the discrimina tor decreases thereby decreasing the discriminator's output and minimizing the magnitude of the audio pop. Additional minimization of the subject noise pops is achieved by utilizing a discriminator which has a square law transfer characteristic so that the recovered audio level will decrease 2 dB for every 1 dB decrease in input signal level.
"Performance of a Two Branch Post-Detection Com bining UHF Mobile Radio Space Diversity Receiver', thesis by Anthony J. Rustako, Jr., 1969, pp. 26-29, 38-40, 43-50, 53-58. "FM Noise with Fading Channels and Diversity", by The present invention minimizes noise pops due to Ray leigh fades by controlling receiver gain relative to the average received signal strength so that only a predeter mined level of limiting occurs prior to the recovery of the audio information. The amount of limiting is se lected so that a significant Rayleigh fade will cause the amplified IF signal to drop below the limiting level and enter the linear amplification region. During the fade the magnitude of the signal provided to the discrimina tor decreases thereby decreasing the discriminator's output and minimizing the magnitude of the audio pop. Additional minimization of the subject noise pops is achieved by utilizing a discriminator which has a square law transfer characteristic so that the recovered audio level will decrease 2 dB for every 1 dB decrease in input signal level. ceivers, the total signal amplification or gain prior to recovery by the discriminator is normally set such that ambient noise in the passband of the receiver in the absence of desired RF signal is sufficient to cause limit ing. Thus, it is apparent that a desired received signals which may be many decibels (dB) above the noise threshold will be in hard limiting.
In The undesired audio responses due to Rayleigh fad ing become more objectionable as the peak transmitted deviation decreases and the carrier frequency increases. 55 Deviation is a factor because it is related to the signal to-noise ratio. In order to achieve the given level of audio output, more receiver gain will be required in a system having smaller peak deviation. Because this gain also amplifies the undesired noise burst, an audio pop is 60 heard during a null produced by a Rayleigh fade. The pop is louder and hence more objectionable in a lower deviation system because more gain is utilized. Since wavelength decreases as frequency increases, a larger number of signal strength nulls exist to be encountered 65 by a mobile radio operating at higher frequencies. Thus, at higher frequencies more frequent audio pops are likely. 20 25 2 Since the available frequency spectrum is limited and there continues to be an increasing demand for wireless communication channels, it is apparent that better utili zation of the current available communication channels is desired. One way to better utilize the existing channel allocations is to divide the current channel bandwidths and provide more narrowband channels. For example, if an existing 25 kHz channel was divided in half, two 12.5 kHz channels could exist. Obviously narrower channels require that transmitted signals occupy less bandwidth. Decreasing the peak deviation from 5 kHz to 2.5 kHz in an FM system is one way to reduce the bandwidth of the transmitted signal in order to create more communication channels. New communication channels are becoming available at higher frequencies. Thus, the likelihood of having smaller deviation sys tems at higher frequencies makes the audio pop problem associated with Rayleigh fades a significant problem.
SUMMARY OF THE INVENTION
It is an object of this invention to minimize the noise burst problems associated with a Rayleigh faded signal
This invention is especially, but not exclusively, suited for minimizing noise pops due to Rayleigh fading in an FM system utilizing a peak deviation of less than 5 kHz.
The present invention minimizes the subject noise pops by controlling receiver gain relative to the average received signal strength so that only a predetermined level of limiting occurs prior to the recovery of the audio information such as by a discriminator. The amount of limiting is selected so that a significant Ray leigh fade will cause the amplified signal to drop below the limiting level and enter the linear amplification region. During the fadeth magnitude of the signal pro vided to the discriminator decreases thereby decreasing the discriminator's output and minimizing the magni tude of the audio pop.
This invention further contemplates an additional minimization of Rayleigh generated noise pops by uti lizing a discriminator which has a square law transfer characteristic. That is, the recovered audio output will decrease 2 dB for every 1 dB drop in input signal level to the discriminator. Since the level of limiting is prede termined, substantial Rayleigh fades decrease the mag nitude of the input signal below the level where limiting occurs causing the input signal to the discriminator to decrease, thereby resulting in a square law decrease in the discriminator's output. Hence, noise bursts are provdded less overall amplification by the receiver than desired received signals. This has the property of mini mizing the magnitude of the momentary nosse pops which occur due to Rayleigh fading. amplifier 20 in that it has its gain control by means of an input 28. The signal is further amplified by amplifier 30 prior to being coupled to discriminator 32. It will be apparent to those skilled in the art that the input to the discriminator from amplifier 30 consists of a frequency modulated signal and that the output 34 of the discrimi nator consists of the demodulated audio signal.
The output 34 from the discriminator is coupled to a highpass filter 36 whose output is coupled to an enve lope detector 38. The purpose of this detector is to detect and track the peak audio amplitude of the high frequency (above 4 kHz) portion of the output from the discriminator. A time constant or delay circuit 40 smoothes the output from detector 38 and has an output which is coupled to a summation network 42.
The output from amplifier 26 is further amplified by amplifier 44 which has its output connected to envelope detector 46. The purpose of envelope detector 46 is similar to that of detector 38, that is, it detects and tracks the peak magnitude of the IF signal. The peak detected output from detector 46 is coupled to a time constant or delay network 48 which has its output cou pled to summation network 42. The output 50 of the summation network consists of the sum of the inputs from delay circuits 40 and 48. The output 50 provides an automatic gain control (AGC) signal to inputs 22 and 28 to control the gain of amplifiers 20 and 26, respec tively.
It is an important aspect of the present invention to provide a signal to the discriminator which has only a predetermined level limiting. It has been empirically determined, based upon judging the audio quality of Rayleigh faded signals, that 5-20 dB of limiting is suit able and that 10-15 dB is preferred. For example, 8 dB of limiting is achieved by increasing the input signal to amplifier 30 to 8 dB beyond the input level where the output of amplifier 30 becomes nonlinear, i.e., limits.
In order to maintain the input signal to the discrimi nator at the desired level of limiting, the gains of ampli fiers 20 and 26 are controlled by their inputs 22 and 28, respectively, by the AGC signal from summation cir cuit 42. The elements 44, 46 and 48 control the AGC signal except when no input signal is present or when the desired input signal is at a minimal or threshold level such as approximately 12 dB SINAD or below. When threshold or no signal conditions exist, elements 36, 38 and 40 are active and generate the AGC signal. The generation of the AGC signal is described below.
The gain of amplifier 44 is selected so that the input to envelope detector 46 remains linear for all received signal levels. Envelope detector 46 provides peak level detection which is smoothed by a time constant circuit 48 which may consist of an RC circuit having a time constant substantially greater than the duration of a Rayleigh fade, such as approximately 1 second. The output from circuit 48 provides a signal corresponding to the average magnitude of the received signal. This signal is coupled through summation network 42 and is utilized to control the gain of amplifiers 20 and 26 so that the proper amount of amplification is provided in order to maintain the predetermined limiting level. For example, the average carrier signal being received by a mobile will continue to increase as the mobile drives toward the transmitting antenna. As the average signal continues to increase, the AGC signal will provide AGC of amplifiers 20 and 26 to reduce the amplification so that the predetermined limiting level is maintained. It may be desirable to control the gains of amplifiers 20 and 26 in a relationship other than a simultaneous gain reduction in order to maintain the best possible receiver noise figure. That is, the gain of amplifier 26 could be reduced to a predetermined level prior to reducing the gain of amplifier 20. This is referred to in the art as "delayed' AGC action.
The elements 36, 38 and 40 provide an additional AGC signal which further reduces the gain of the re ceiver for marginal signals near the noise threshold. The output from the discriminator is highpass filtered by filter 36 prior to being peak detected by detector 38. The purpose of this filter is to remove the normal audio content such as below 4 kHz an have the detector 38 act only upon the higher frequency noise. The time con stant associated with delay circuit 40 is selected to be relatively short, such as approximately 1 millisecond, so that the AGC signal component corresponding to this circuit follows the magnitude of the recovered audio even during a Rayleigh fade. In marginal signal condi tions it has been found that this fast acting gain control produces a better sounding audio output. Except for marginal received signal levels the high frequency com ponents of output 34 will have a very small amplitude and this circuit (i.e. elements 36,38, 40) will not contrib ute to the AGC signal.
The range of useful limiting in accord with this inven tion is a compromise between no liming (providing the discriminator with a linear input) and hard limiting (limiting on noise) as employed by conventional FM receivers. It has been empirically determined that for limiting ranges below 5 dB where the input to the dis criminator is approaching linear, the resulting recov ered audio includes unpleasant and undesired amplitude variations caused by random FM signals superimposed upon the desired signal. At limiting levels greater than 15 dB and especially for levels greater than 20 dB, the benefit of minimizing noise pops due to Rayleigh fading is degraded such that substantial noise pops can still audio output which is determined by the two out of phase inputs. The discriminator provides a square law response, that is, the audio will change 2 dB for each 1 dB input change since each input to the discriminator contributes equally to the output.
The use in this invention of a discriminator having the above described characteristic provides additional mini mization of audio noise pops due to Rayleigh phase. This occurs because as a Rayleigh fade causes the signal to the discriminator to come out of limiting (and enter the linear region), each dB decrease in the signal to the discriminator corresponds to a 2 dB audio reduction. This effectively provides attenuation during a fade which results in a better sounding audio output as con trasted with a conventional receiver. Although the illustrated embodiment uses a square law characteristic, those skilled in the art may use other circuits and tech niques to achieve other characteristics. A rate of change greater than 1 is beneficial since it results in increased noise attenuation.
FIG. 3 graphically represents the improved perfor mance of an FM receiver utilizing the present invention as contrasted against a convnntional FM receiver.
Curve 72 represents the average tone-to-noise ratio versus carrier level for a conventional FM receiver having full limiting upon noise (no signal conditions). Curve 74 illustrates the average tone-to-noise ratio ver sus carrier level for an FM receiver incorporating the present invention. The knee of curve 72 occurs at an average tone-to-noise ratio of approximately 20 and at a relative carrier level of approximately 22 dB. The knee of curve 74 occurs at slightly above an average tone-to noise ratio of 36 and at a relative carrier level of approx imately 35 dB. For relative carrier levels of approxi mately 15 dB and less, a receiver according to the pres ent invention has an tone-to-noise ratio of approxi mately 8 dB better than the conventional receiver. At a relative carrier level of 40 dB and above, a receiver according to the present invention has an average tone to-noise ratio of approximately 16 dB greater than that of a conventional radio.
The curves in FIG.3 represent a 2.5 kHz peak devia tion receivers measured at 1.5 kHz peak deviation with 1 kHz audio tone modulation. Simulated Rayleigh fad ing having a maximum Doppler frequency of approxi mately 54 Hz was utilized to simulate the fading which might be encountered by a vehicle traveling at approxi mately 40 miles per hour while receiving a signal at 900
MHz.
The curves presented in FIG. 3 are intended to merely provide a visual representation of the improved audio response achieved by utilization of the present invention. While FIG. 3 does illustrate the benefits of the present invention, it is difficult to fully represent the subjective improvement in audio quality and iistening comfort achieved by the present invention by purely visual means.
An important contribution of this invention is the recognition and understanding of the problem relating to noise pops due to Rayleigh fading. More specifically, the appreciation of the cause and effect relationship of Rayleigh fades and FM receiver circuit operation pro It will be apparent to those skilled in this art that various receiver configurations and audio recovery techniques can be utilized to recover frequency or phase modulated signals while still making use of the present invention. Although the exemplary embodi ment of this invention maintain a predetermined limit ing level by controlling the average magnitude of the received signal relative to a fixed limiting threshold, it is contemplated that the threshold at which limiting oc curs could be varied relative to the average signal level to achieve a predetermined limiting level. Although the embodiment of the present invention has been described and illustrated herein, the scope of the present invention is defined by the claims appended hereto.
I claim:
1. In an FM receiver having an improved audio out put response to Rayleigh faded received signals includ ing means for amplifying a received FM signal, means for limiting said amplified FM signal, and discriminator means for converting the limited FM signal into an audio signal, the improvement comprising: means for generating a control signal corresponding to the average magnitude of the received signal;
and AGC means for controlling the magnitude of amplifi cation provided by said amplifying means so that a predetermined level of limiting by said limiting means is maintained in response to said control signal, said predetermined leveloof limiting being within the range of 5-20 dB of limiting. 2. The FM receiver according to claim 1 wherein said predetermined level of limiting is within the range of 10-15 dB of limiting.
3. The FM receiver according to claim 1 wherein said generating means comprises means for detecting the peak magnitude of said amplified received signal and providing an output signal corresponding to said peak magnitude, and circuit means for time averaging said output signal to provide said control signal.
4. The FM receiver according to claim3 wherein said output signal is time averaged for a time interval sub stantially longer than the time duration of a Rayleigh fade.
5. The FM receiver according to claim 1 further comprising a highpass filter coupled to said discrimina tor means for passing frequencies above the audio range, means coupled to said filter for detecting the peak magnitude of said high frequencies passing through said filter and providing a smoothed signal corresponding to said peak high frequency magnitude, and summation means for summing said control signal and said smoothed signal.
6. The FM receiver according to claim 1 wherein said discriminator means has a transfer characteristic where the ratio of the magnitude of said audio signal output by said discriminator means to the magnitude of the limited FM signal input to the discriminator means is greater than 1. 10. The receiver according to claims 8 wherein said maintaining means comprises means for generating a control signal corresponding to the average magnitude of the received signal, and AGC means for controlling the magnitude of amplification of said received signal so that said predetermined level of limiting is maintained in response to said control signal.
11. The receiver according to claim 10 wherein said generating means comprises means for detecting the peak magnitude of said amplified received signal and providing an output signal corresponding to said peak magnitude, and circuit means for time averaging said output signal to provide said control signal.
12. The receiver according to claim 11 wherein said output signal is time averaged for a time interval sub stantially longer than the time duration of a Rayleigh fade.
13. The receiver according to claim 0 further com prising a highpass filter coupled to said discriminator means for passing frequencies above the audio range, means coupled to said filter for detecting the peak mag nitude of said high frequencies passing through said filter and providing a smoothed signal corresponding to said peak high frequency magnitude, and summation means for summing said control signal and said smoothed signal.
14. The receiver according to claim 8 wherein said discriminator means has a transfer characteristic where the ratio of the magnitude of said audio signal output by said discriminator means to the magnitude of the limited FM signal input to said discriminator means is greater than 1. receiving an FM signal; amplifying the received signal; limiting the amplified signal prior to converting the FM signal into an audio signal; and maintaining a predetermine level of limiting relative to the average amplitude of the received signal, the predetermined level of limiting being within the range of 5-20 dB of limiting. 17. The method according to claim 16 wherein said step of maintaining the limiting to a predetermined level comprises the steps of generating a control signal which corresponds to the average amplitude of the received signal, and controlling the amount of amplification in response to the control signal.
18. The method according to claim 17 further com prising the step of time averaging the amplitude of the amplified received signal for a time interval substan tially greater than the time duration of a Rayleigh fade so that the predetermined level of limiting does not respond to individual Rayleigh fades.
19. The method according to claim 16 further com prising the steps of highpass filtering the recovered audio to remove the audio frequency components, de tecting the peak amplitude of the high frequency com ponents remaining after the highpass filtering, and re ducing the amplification of the received signal in re sponse to the magnitude of the detected high frequency components.
20. The method according to claim 16 wherein the conversion from an amplified FM signal to an audio signal comprises the step of converting such that the ratio of the magnitude of the audio signal to the magni tude of the amplified FM signal is greater than 1.
21. The method according to claim 20 wherein said conversion substantially follows a square law character istic. k g : :
